ABSTRACT
T he current standard treatment protocol for glioblastomas is surgical resection followed by 6 weeks of radiation therapy plus concomitant temozolomide chemotherapy (CCRT) and 6 cycles of adjuvant temozolomide chemotherapy. This protocol increases median survival from 12 to 15 months. 1 However, during the treatment, subacute treatment-related reactions called pseudoprogression frequently occur as edema and contrast enhancement on MR imaging. [2] [3] [4] [5] Pseudoprogression is most commonly seen on the first MR imaging performed within 2 months after CCRT. Tumors with hypermethylation of the O 6 -methylguanine-DNA methyltransferase promoter gene show pseudoprogression more frequently. 6 As shown in previous studies, enlarged enhancing lesions on conventional MR images may actually represent pseudoprogression in up to 46.8%-64% of cases. 7, 8 The Response Assessment in NeuroOncology (RANO) Working Group 9 proposed that within the first 12 weeks of completion of radiation therapy, when pseudoprogression is most prevalent, tumor progression can only be determined if most of the new enhancement is outside the radiation field or if there is pathologic confirmation of progressive disease.
There has been much effort to differentiate progression from pseudoprogression by using advanced MR imaging techniques such as DWI and dynamic susceptibility contrast PWI. On DWI, ADC values are higher in necrotic tissue than in recurrent tumor tissue because of the high cellularity of tumor tissue. 10 However, content. Reduced diffusion represents not only highly cellular tumor areas but also inflammatory processes. 11 On PWI, high relative cerebral blood volume (rCBV) is considered active neovascularization and viable tumor. 11, 12 Kong et al 6 reported that rCBV Ͼ 1.47 had 81.5% sensitivity and 77.8% specificity for differentiating pseudoprogression from tumor progression. Kim et al 13 reported a histogram analysis of rCBV, in which a peak height position of Ͼ1.7 showed 90.2% sensitivity and 91.1% specificity for differentiating tumor recurrence from mixed and treatment change groups. However, rCBV analysis has limitations because most lesions have variable tumor fractions; therefore, mean rCBV and histogram-based metrics may be influenced by the rCBV from both tumoral and nontumoral components.
14 To overcome these limitations, Mangla et al 12 evaluated 2 consecutive MR imaging studies after treatment and showed that in patients with pseudoprogression, there was a 41% mean decrease in rCBV, while in tumor progression, there was a 12% increase in rCBV from pretreatment to posttreatment. Baek et al 8 performed
histogram analysis on 2 consecutive MR imaging studies of posttreatment glioblastomas and revealed that the percentage change of skewness and kurtosis of normalized CBV can differentiate pseudoprogression from true tumor progression with a sensitivity of 85.7% and a specificity of 89.2%. In this study, in addition to the evaluation of 2 consecutive MR imaging studies, we tried a multiparametric approach-that is, the combined use of DWI and PWI. We hypothesized that a multiparametric approach may overcome the limitations of each imaging technique. DWI and PWI have characteristic functional or physiologic parameters such as ADC/cellularity and CBV/tumor angiogenesis. If we use these multiple parameters simultaneously, these multiparametric analyses can reveal different aspects of tumor behavior and may have added value for differentiating tumor progression from pseudoprogression.
The aims of this study were to compare the change of combined rCBV ϫ ADC histograms in 2 consecutive MR imaging studies between true tumor progression and pseudoprogression and to compare the diagnostic efficacy of a uniparametric-versusmultiparametric approach.
MATERIALS AND METHODS

Study Population
Between April 2008 and July 2010, one hundred sixty consecutive patients underwent surgical treatment for glioblastoma in our institution. Of the 160 patients, 35 met the following criteria: 1) standard treatment for glioblastoma; 2) new or increased size of a measurable enhancing lesion (Ͼ1 cm) within the radiation field within 180 days after CCRT; 3) 2 consecutive MRIs with dynamic susceptibility contrast perfusion and DWI at the time of increased lesion size and within 3 months after the initial MR imaging; 4) Ͼ2 follow-up MRIs or pathologic diagnosis; and 5) MRIs without significant artifacts that prevented dynamic susceptibility contrast perfusion analysis. This retrospective study was approved by the institutional review board in the hospital, and the requirement for informed consent was waived.
There were 18 men and 17 women (age range, 24 -70 years; mean, 49 years). The interval between the operation and initial MR imaging (at the time of increased lesion size) was 123.5 Ϯ 34.7 days (range, 79ϳ204 days), the interval between initial MR imaging and first follow-up MR imaging was 53.7 Ϯ 36.0 days (range, 19ϳ142 days), and the interval between the first and second follow-up MR imaging was 59.3 Ϯ 17.5 days (range, 29ϳ95 days). In 3 patients, craniotomy and tumor removal were performed for pathologic diagnosis.
True tumor progression and pseudoprogression were confirmed after adjuvant temozolomide according to the RANO criteria. 9 More specifically, pseudoprogression was defined as stable or decreased size of an enhancing lesion at Ն2 consecutive follow-up MR imaging studies compared with the initial MR imaging. Tumor progression was defined as increased size of the enhancing lesion at Ն2 consecutive follow-up MR imaging studies compared with the initial MR imaging or pathologically revealed recurrent tumor. Group categorization was performed with a qualitative method by consensus of 2 neuroradiologists (J.C., S.T.K.).
MR Imaging Protocol
MR imaging was performed at 3T (Achieva; Philips Healthcare, Best, the Netherlands) with an 8-channel sensitivity encoding head coil.
Contrast-enhanced axial spin-echo T1-weighted imaging was acquired after intravenous injection of contrast material (gadoterate meglumine, Dotarem; Guerbet, Aulnay-sous-Bois, France), 0.1 mmol/kg of body weight by power injector, with the following parameters: TR/TE ϭ 500/10 ms, section thickness ϭ 5 mm, acquisition matrix ϭ 256 ϫ 226.
Spin-echo EPI DWI (TR/TE ϭ 3000/76 ms, section thickness ϭ 5 mm, acquisition matrix ϭ 128 ϫ 128, b-value ϭ 0, 1000 s/mm 2 ) and dynamic susceptibility contrast PWI (TR/TE ϭ 1720/35 ms, flip angle ϭ 40°, section thickness ϭ 5 mm, acquisition matrix ϭ 128 ϫ 128, fifty volumes, acquisition time ϭ 1 minute 30 seconds) were performed. All MR images were acquired with the same FOV (240 ϫ 240 mm). 
rCBV Map Analysis
Dynamic susceptibility contrast perfusion images were processed by using a dedicated software package (nordicICE; NordicNeuroLab, Bergen, Norway). An rCBV map was generated by using an established tracer kinetic model applied to the first-pass data.
15 Gamma variate fitting was applied to avoid a recirculation effect. As described previously, the dynamic curves were corrected mathematically to reduce contrast agent leakage effects. 16, 17 The rCBV maps were normalized by dividing the rCBV value in the region of interest by the rCBV value of normal-appearing white matter defined by a neuroradiologist (J.C.).
Histogram Analysis
For each tumor, a region of interest was drawn on the contrastenhanced T1-weighted images, including whole enhancing lesions, on each section by using MRIcro software (http://www. mccauslandcenter.sc.edu/mricro/mricro.html) from the initial (MR imaging obtained at the time of increased lesion size) and follow-up MR imaging (first follow-up MR imaging obtained within 3 months after the initial MR imaging) by a neuroradiologist (J.C.). The cerebral cortex was avoided when drawing the region of interest. Before data analysis, rCBV and ADC maps were coregistered to the contrast-enhanced T1-weighted
A 54-year-old man with glioblastoma who underwent tumor removal followed by CCRT. Sixty-eight days after CCRT, the enhancing lesion developed around the surgical cavity (A). On follow-up MR imaging performed 52 days after CCRT (B), the size of enhancing lesion was increased, suggestive of tumor progression. However, a subtracted 3D histogram shows a decreased population (blue) of high rCBV voxels (C), and an increased population (red) of low rCBV/high ADC components. Craniotomy and tumor removal were performed, and pathologic findings showed radiation necrosis, suggestive of pseudoprogression.
FIG 3.
A 70-year-old man with glioblastoma who underwent tumor removal followed by CCRT. One hundred forty-two days after CCRT, the enhancing lesion developed in the genu of corpus callosum (A). On follow-up MR imaging performed 54 days after CCRT (B), the enhancing lesion was stable or somewhat decreased in size, suggestive of pseudoprogression. However, the 3D histogram shows a markedly increased population (coded as red) of high rCBV voxels with relatively low ADC values (C). Eventually, the enhancing lesion increased in size on follow-up MR imaging (D) performed after 67 days from first follow-up MR imaging (B), and tumor progression was diagnosed.
images by using affine transformation with normalized mutual information 18 as a cost function.
For histogram analysis, rCBV and ADC values within the region of interest were extracted by using Matlab software (MathWorks, Natick, Massachusetts). Only ADC values of 5ϳ3000 and rCBV of 0.3ϳ12 were considered meaningful, because beyond these ranges, the values may be from noise, cystic or necrotic areas, or CSF. Combined 3D histograms were made by using acquired rCBV and ADC values of each voxel (ADC range, 0ϳ3000; interval, 100; rCBV range, 0ϳ12, interval, 0.4; total, 900 bins). From the histogram, mean, SD, maximum frequency, mode, kurtosis, and skewness of ADC values and rCBV on the initial and follow-up MR imaging were calculated (Fig 1) .
To evaluate the change in the histogram between initial and follow-up MR imaging, we subtracted the histograms of initial MR imaging from the histograms of follow-up MR imaging. The histogram subtraction was performed with a uniparametric approach (subtraction of ADC and rCBV histograms independently) and multiparametric approach (the combined ADC ϫ rCBV 3D histogram of the initial MR imaging was subtracted from the combined 3D histogram of the follow-up MR imaging). Then, the mode of the ADC value and rCBV of the subtracted histogram were calculated.
Statistical Analysis
Statistical analyses were performed by using the IBM SPSS Statistics, Version 20 (IBM, Armonk, New York). The mean, SD, maximum frequency, mode, kurtosis, and skewness of ADC values and rCBV between the progression group and the pseudoprogression group were compared by using the Mann-Whitney test for initial and follow-up MR imaging. The mode of the ADC values and the rCBV of the subtracted histogram with uniparametric and multiparametric approaches were compared between the 2 groups by using the Mann-Whitney test. The diagnostic performance (sensitivity, specificity, accuracy) of tumor progression based on the increased size of the enhancing lesion, histogram parameters of the initial and follow-up MR imaging, and the subtracted histogram were compared by using a receiver operating characteristic curve analysis. Subsequently, multivariable stepwise logistic regression analysis was used to determine the significant predictors for the differential diagnosis between true progression and pseudoprogression.
We used the date of surgical resection to determine overall survival, and survival curves were calculated by using the KaplanMeier method. We compared overall survival between tumor progression and pseudoprogression using the log-rank test, and we correlated the parameters of histogram and mode of the subtracted histogram with overall survival.
RESULTS
Histogram Analysis
Twenty-four cases of pseudoprogression (Fig 2) and 11 cases of tumor progression (Fig 3) were determined on the basis of stable or decreased size of the enhancing lesion on the consecutive follow-up study (n ϭ 32) or pathologic diagnosis (n ϭ 3).
On the histogram analysis (Tables 1 and 2) , at initial MR imaging, all parameters of ADC values and rCBV did not show any significant difference between the 2 groups. At follow-up MR imaging, the mean (P Ͻ .001) and SD (P ϭ .001) of the rCBV were larger in the progression group than in the pseudoprogression group. Maximum frequency (P Ͻ .001), kurtosis (P ϭ .030), and skewness (P ϭ .039) of rCBV were smaller in the progression group than in the pseudoprogression group. The parameters of ADC values did not differ significantly between the groups on follow-up MR imaging.
On the subtracted histogram (Fig 4, Table 3 ), the mode of rCBV was higher (P ϭ .003) and the mode of ADC (P ϭ .008) was lower in the progression group with a uniparametric approach. However, with a multiparametric approach, only the mode of rCBV was higher (P Ͻ .001) in the progression group than in the pseudoprogression group. On multivariable logistic regression analysis, the multiparametric mode of rCBV was the only independently differentiating parameter (P ϭ .005).
Diagnostic Performance of Histogram Parameters
On the histogram analysis of the initial and follow-up MR imaging studies, the most significant parameter was the mean rCBV of the follow-up MR imaging. For the subtracted histogram, receiver operating characteristic curve analysis (Fig 5) showed that the mode of rCBV by using a multiparametric approach had a larger area under the curve (0.877 versus 0.801) than when using the uniparametric approach for differentiating pseudoprogression from tumor progression. Therefore, we used the mean rCBV of the follow-up MR imaging and the mode of rCBV with the multiparametric approach as representative parameters to compare diagnostic performance.
The sensitivity, specificity, and accuracy of diagnosing tumor progression based on the size change of enhancing lesions were 72.7%, 83.3%, and 80.0%, respectively. The sensitivity, specificity, and accuracy of the diagnosis based on the mean rCBV Ͼ 1.8 of follow-up MR imaging were 81.8%, 83.3%, and 82.9%, respectively. The diagnosis based on the mode of rCBV Ͼ 1.6 on the subtracted histogram was most accurate, with 81.8% sensitivity, 100% specificity, and 94.3% accuracy.
Survival Analysis
Twenty-six (74%) of the 35 patients had died by the time of data analysis. The mean follow-up period was 556 Ϯ 288 days. The overall median survival from the operation to death or last follow-up was 513 days. The median survival (Fig 6A) of the progression group (394 days) was significantly shorter than that of the pseudoprogression group (565 days) (P ϭ .037). The median survival rate was not significantly different in terms of the mean rCBV of follow-up MR imaging with any threshold (rCBV Ͼ Ϫ6 mm 2 /s) and a decreased population with low rCBV with a wide range of ADC values. B, The pseudoprogression group shows a decreased voxel population with high rCBV and relatively low ADC, which shows increased population in the tumor progression group. In contrast, voxels with low rCBV with a wide range of ADCs (1000ϳ2000 ϫ 10 Ϫ6 mm 2 /s) show an increased population in the pseudoprogression group. 1.5ϳ 2.2). The median survival (Fig 6B) was significantly different in terms of the mode of rCBV on the subtracted histogram with threshold rCBV Ͼ 1.8 (394 versus 561 days, P ϭ .003), and it was statistically more significant than the survival difference of the progression and pseudoprogression groups.
DISCUSSION
In this study, we evaluated subtracted combined ADC ϫ rCBV 3D histograms of 2 consecutive MR imaging studies; therefore, we could observe the changing trend of the histogram pattern between the 2 studies. The diagnostic performance of the subtracted histogram was better than that of a single MR imaging study; especially, the mode of the subtracted histogram, which was the best predictor. In addition, the mode acquired from the multiparametric approach showed better diagnostic performance than that of the uniparametric approach.
A major limitation of rCBV for posttreatment evaluation is that the treatment-related inflammation also causes increased rCBV. In cases of radiation necrosis of the brain 19 around the liquefied center, there are areas of active inflammatory responses with lymphocytes and macrophages, resulting in some degree of increased rCBV. On DWI, radiation necrosis may show diffusion restriction, probably due to intracellular edema and viscous puslike material with abundant polymorphonuclear leukocytes in the transition zone. 10, 20, 21 Therefore, increased rCBV does not always mean viable tumor angiogenesis, and decreased ADC values do not always mean high cellularity. Using multiparametric analysis with rCBV and ADC values, we may exclude the effects of radiation necrosis when evaluating ADC values because radiation necrosis shows low rCBV on its diffusion-restriction area. In addition, we may exclude the effect of inflammation when evaluating rCBV because inflammation with edema shows increased ADC values. In this study, with a uniparametric approach, both rCBV and ADC were significantly different between the progression and pseudoprogression groups, but with the multiparametric approach, only rCBV was significantly different between the groups-that is, in terms of rCBV, the statistical significance was increased when the rCBV was stratified by ADC values; however, in terms of the ADC value, the statistical significance was decreased with stratification.
Another limitation of rCBV analysis is related to contrast material leakage. Because the rCBV calculation of dynamic susceptibility contrast perfusion MR imaging is based on the absence of contrast material leakage to the extravascular space, leakage of contrast material can cause underestimation of rCBV.
16 Contrast preload and mathematic correction can be used to overcome these effects. We used mathematic correction, which is known to be equivalent to preload for the correction of contrast material leakage effect.
17
Emblem et al 22 suggested that tumor malignancy was related to CBV heterogeneity, and Law et al 23 also suggested that the histogram parameter that had the highest correlation with glioma grade was SD. This was because an increase of the SD and a decrease of the maximum frequency for high-grade gliomas could reflect heterogeneous tumor angiogenesis. High-grade gliomas that initially had heterogeneous vascularity may have reduced heterogeneity after radiation therapy. Tumor progression/recurrence may increase in heterogeneity due to heterogeneous angiogenesis of the viable tumor component. In this study, the tumor progression group showed increased voxel population with high rCBV and low ADC values (Fig 4A) . In contrast, in the pseudoprogression group, the voxel population with high rCBV was decreased and the ADC was more elevated and dispersed (Fig 4B) . In the tumor progression group, the SD of rCBV was increased, and the maximum frequency and kurtosis were decreased on follow-up MR imaging. These results suggest increased heterogeneity of the tumor. Hu et al 14 proposed the perfusion MR imaging-fractional tumor burden method for evaluation of post-treatment glioblastoma. The perfusion MR imaging (pMRI)-fractional tumor burden describes the population of the risk voxels with values of more than threshold rCBV (rCBV ϭ 1). The perfusion MR imaging (pMRI)-fractional tumor burden metric reliably estimated the histologic tumor fraction and correlated with overall survival. However, the mean rCBV and histogram mode of rCBV less strongly correlated with the histologic tumor fraction and did not correlate with overall survival. This result is probably because most lesions are histologically admixed and broadly variable in tumor fractions; therefore, the mean rCBV (similar to other histogram-based metrics) is influenced by the rCBV from both tumoral and nontumoral components. 14 In our study, rCBV histogram parameters of initial MR imaging did not show any significant difference. Because of the heterogeneity of the lesion, posttreatment tumor evaluation by using the mean values of the overall lesion on a single MR imaging study is an intrinsically limited effort. In this study, the proportion of pseudoprogression in patients with new or enlarged enhancing lesions was 69%. In previous studies, enlarged lesions on conventional MR images may actually have represented pseudoprogression in up to 46.8%-64% of cases, compatible with our results. 8, 24 Because pseudoprogression is so common, the RANO Working Group recommended a second MR imaging at 4 weeks to confirm the presence of response or stable disease. 9 However, pseudoprogression can be sustained or aggravated for Ͼ4 weeks; therefore, it can mimic tumor progression. 25 Therefore, the diagnosis of tumor progression based on the size of the enhancing lesion may cause false-positive (Fig 2) or false-negative results (Fig 3) . Mangla et al 12 showed that increased rCBV after treatment was a stronger predictor of poor survival (area under the receiver operating characteristic curve ϭ 0.806). However, change in tumor size did not correlate with overall survival (area under the receiver operating characteristic curve ϭ 0.566). If increased rCBV on follow-up MR imaging was used to differentiate true disease progression and pseudoprogression, the sensitivity was 76.9% and the specificity was 85.7%. In our study, if one considered the mode of rCBV on the subtracted histogram, the diagnostic accuracy was increased from 80% to 94.3%, compared with the diagnosis based on the tumor size change. Another problem is the ambiguous nature of the reference standard of pseudoprogression. The criterion standard for diagnosing pseudoprogression is histopathology; however, biopsy may have sampling errors, and even a specimen obtained with second-look surgery may have residual infiltrated tumor cells, which can be erroneously interpreted by the pathologist.
26,27
Therefore, there is an innate limitation in differentiating pseudoprogression from tumor progression. In this study, we also correlated imaging biomarkers with overall survival. The high mode of rCBV on the subtracted histogram by using a multiparametric approach (rCBV ϫ ADC) was a good predictor of worse survival as well as tumor progression.
Our study has several limitations. First is the retrospective nature of the study. Second, due to the small number of cases, especially progression relative to pseudoprogression, generalizability and statistical power are limited. Third, tumor progression and pseudoprogression were determined mainly by follow-up MR imaging, and pathologic confirmation was performed in only a few patients. Finally, the region of interest was drawn only on the enhancing portion of the lesion; therefore, the effect of the nonenhancing infiltrative portion was not evaluated. However, this study focused on the particular clinical situation-that is, a newly developed or increased size of the enhancing lesion mimicking tumor progression; therefore, only the nature or change of the enhancing lesion was considered.
CONCLUSIONS
Multiparametric 3D histogram analysis with ADC values and rCBV was useful to evaluate posttreatment glioblastomas. Tumor progression showed increased rCBV and increased heterogeneity on follow-up studies; however, pseudoprogression did not. A high mode of rCBV on the subtracted histogram by using a multiparametric approach (rCBV ϫ ADC) was the best predictor of true tumor progression and worse survival.
